Ph 2 MeSiH and H 2 (Cp* = C 5 Me 5 ). The reductive elimination of C-element bonds is a fundamental step in organic chemistry and homogeneous catalysis, and is generally seen for platinum group metal -based catalysts; the formation of C-C and C-Si bond is somewhat more fundamental and more difficult. 4 While other Cp* 2 LnR alkyl complexes exhibit interesting hydrocarbon chemistry such as -carbon elimination from Cp* 2 Sm(CH 2 CMe 3 ) to form the bridging planar trimethylenemethane dianion in {(Cp*) 2 Sm} 2 (µ-η 3 :η 3 -C(CH 2 ) 3 ). 5 the formation of C-element bonds using early d-and fblock metal catalysts is best represented by a variety of hydroelementation reactions, in which an organolanthanide complex catalyses the controlled addition of H and a main group element functional group (amine, phosphine, thiol, alcohol) across an unsaturated C-C bond, 6 i.e. catalysts for the hydroamination, phosphination, alkoxylation, and silylation of alkenes. These too rely on σ-bond metathesis mechanisms to exchange the substrate and product at the end of each turnover. A range of asymmetric Michael addition reactions are probably the most well-known carbon-carbon bond forming reactions currently known for rare-earth alkoxide complexes in which the metal coordinates and activates a substrate prior to attack by a carbanion; basic lanthanum BINOL-ate derivatives were the first asymmetric catalysts for nitroaldol reactions. 7 Carbon-element bond forming reactions that take place at a σ-bound rare-earth alkyl group however are rare. Early transition metal complexes often react with N-heterocycles to lead to ortho-metallated complexes and Teuben's group reported that (Cp*) 2 Y(η 2 -C,N-NC 5 H 4 ) is formed from the hydride [(Cp*) 2 YH] 2 by the selective metallation of pyridine. 8 The hydride also metallates other arenes. The addition of a further equivalent of pyridine forms the adduct (Cp*) 2 Y(η 1 -2-NC 5 H 4 )(NC 5 H 5 NC 5 H 5 ) which on heating first forms the non-aromatic C-C coupled product (Cp*) 2 Y{κ 1 -2,2'-NC 5 H 5 (2-NC 5 H 4 )} by insertion, then eliminates hydrogen, allowing 2,2'-bipyridine to be eliminated upon quenching of the complex, or 2-alkylated pyridines to be formed if alkenes were incorporated into the mixture. Recently, Diaconescu reported similar scandium(III) chemistry in which two pyridine ligands were C-C coupled to form a ligated dearomatized bipyridine, 9 in a mechanism also proposed to occur via σ-bond metathesis chemistry since other oxidation states are not generally accessible for group 3 metals. 10 We recently demonstrated that two functional groups can be delivered to an f-block metal at once by the use of a bound N-heterocyclic carbene as a reactive donor ligand. 11 A polar reagent such as a halosilane can be added across the metal carbene bond, quaternizing the imidazolinium fragment, driven by the formation of the metal-halide bond. This functions as a substitute to an oxidative addition reaction at a metal with an accessible M n /M n+2 redox pair. The elimination reaction that completes the formal addition/elimination pair could be achieved by heating the complex to regenerate the metal carbene bond, releasing the carbene-bound electrophile now bound to an anion formerly coordinated to the metal. Scheme 1 shows a generic scheme for the addition of E-X (E = afford (L E )MN" 2 X (L E = {1-EC(NDippCH 2 CH 2 N)}CH 2 CMe 2 O)MN" 2 X , Dipp = 2,6-i Pr 2 -C 6 H 3 ), then thermally induced elimination of E-N", and a final salt metathesis step to regenerate (L)MN" 2 . Scheme 1. Addition-elimination cycles of reactivity for d 0 metal carbene complexes with E-X.
A small but increasing number of examples of non-innocent behaviour of the imidazolinium NHC unit are being reported, and these instances include reactions of early transition metal and f-block Nheterocyclic carbene complexes that are being explored for an increasing array of catalytic chemistry. 12;13 In a most recent case, a Zr IV complex of a dianionic bis(aryloxide) carbene complex (L)Zr(CH 2 Ph)(Cl) (L = CN(3,5-t Bu-C 6 H 2 O)CH 2 CH 2 (3,5-t Bu-C 6 H 2 O) has been shown to be isolable, but additional donor coordination (a thf molecule) promotes benzyl migration from the metal to the carbene carbon, representing classical Fischer-type carbene behaviour and converting the carbene C to an sp 3 -hybridized carbanion, and allowing additional donation from the two NHC nitrogen atoms to the metal. 14 Mid-to high-oxidation state group 10 alkyl carbene complexes are known to suffer from decomposition via the reductive elimination of a monodentate NHC and alkyl group to form a C1alkylated imidazolium salt, with concomitant release of the two electron reduced metal complex. In certain cases, this can be used for productive heterocycle functionalization. 15 In related chemistry, a Ni II hydrocarbyl complex NiClPh(PPh 3 ) 2 reacted with a bidentate saturated imidazolium NHC ligand to ring open the NHC group via insertion into one N-C bond, the product presumably resulting from the intramolecular attack by the Ni-bound alkyl on the empty carbene p orbital followed by the reductive elimination of the 2-alkylimidazolinium salt. 16 Possibly the most interesting C-N bond reactivity observed recently in nitrogen heterocycles relates to the C-C coupling, ring size reduction and dearomatization of imidazole-and NHC-supported Re-bound pyridines when treated with protons or methyl triflate. 13 Aware of the absence of two-electron redox reactivity for the rare earth metals, the clean and reversible amido-functionalization chemistry elucidated in Scheme 1, and the potentially useful hydrocarbon reactivity that low-coordinate f-block complexes show, we have sought to extend the addition-elimination reactivity to alkyl-lanthanide complexes. Herein, we show how this strategy can be used to effect carbon-silicon and carbon-carbon bond forming reactions at organo-rare earth carbene complexes, as well as the derivatization of f-block alkyls with heteroatom functional groups such as stannanes or phosphines. We also demonstrate a new route to perfluoroaryl-rare earth complexes that avoids the use of mercury reagents.
Results

Syntheses of mono and bis(carbene) metal alkyl complexes Scheme 2. Syntheses of rare earth metal carbene alkyl complexes.
Complexes containing the σ-alkyl ligands neosilyl (CH 2 SiMe 3 ) and neopentyl (Np = CH 2 CMe 3 ) were chosen as targets with which to study the NHC-labilization chemistry; both mono and bis(ligand) compounds of the rare earth Y III and Sc III cations are accessible using these anions. The mono(carbene) alkyl complexes [(L)MR 2 ] 2 (M = Sc or Y, R = CH 2 SiMe 3 ) can be made readily from the thermally sensitive tris(alkyl) complexes by a protonolysis reaction between MR 3 (thf) 2 and HL in hexanes or hexanes/thf at 0 °C, and isolated in 62 % (Sc) and 51 % (Y) yield. The preparation of the same complexes from an in situ reaction of MCl 3 (thf) n (n = 3 Sc, n = 3.5 Y) and three equivalents of LiR is less clean since the 'ate' complex (L Li )MR 3 forms more readily than the neutral complex, so extra purification steps are required. 17 The 'ate' complex can be made specifically from treatment of MCl 3 (thf) n with four equivalents of LiR and one equivalent of HL, Scheme 2. The alkyl complexes [(L)MR 2 ] 2 are dimeric at least in the solid state show much lower air-and thermal stability than the heterobimetallic 'ate' complexes, and the Sc complexes are much more readily isolated than the yttrium complexes, presumably due to the greater degree of steric protection afforded by the ligands to Sc. The three complexes [(L)ScR 2 ] 2 , [(L)YR 2 ] 2 , and (L Li )MR 3 have all been structurally characterized by single crystal X-ray diffraction techniques. The structures are discussed below.
The bis(carbene) alkyls (L) 2 MR (M = Sc or Y, R = CH 2 SiMe 3 ) can also be made from the tris(alkyl) complexes MR 3 (thf) 2 by treatment with two equivalents of the proligand HL in hexanes (Sc) or toluene (Y) at 0 °C. All reaction mixtures were stirred at room temperature before the volatiles were removed in vacuo to yield the final products in 33 % ((L) 2 YR) and 81 % ((L) 2 ScR) yield, Scheme 1.
These complexes are significantly more thermally stable than the mono(L) complexes, and have thus been used for the majority of reactivity studies described below. The complex (L) 2 ScR can be heated to 80 °C in C 6 D 6 without noticeable signs of decomposition. The 1 H NMR spectra of all of the bis(ligand) alkyl compounds were indicative of a rigid molecular structure in solution at room temperature. For example, in (L) 2 ScR four doublets define the CHMe 2 protons of the Dipp groups and two singlets for the CMe 2 alkoxy arm protons. The CH 2 SiMe 3 alkyl resonances show geminal coupling ( 2 J HH = 11 Hz) and appear as two doublets, implying the restricted rotation of the scandium alkyl Sc-CH 2 SiMe 3 bond. In the analogous (L) 2 YR, a doublet of doublets represents the CH 2 SiMe 3 protons due to the coupling to yttrium ( 1 J YH = 3 Hz) in addition to the geminal coupling of the protons ( 2 J HH = 11 Hz). The synthesis and characterization of the neopentyl complex (L) 2 ScR (R = CH 2 CMe 3 )
has also been carried out successfully in 47 % yield; details are included in the supplementary information.
Addition/elimination reactions of metal carbene alkyl complexes to form carbon-silicon and carbon-carbon bonds
The reactions of these alkyl complexes with reagents that can add across the metal carbene bond allows for the formation of carbon-heteroatom bonds, and for the study of C-C and C-Si bond formation from an organolanthanide complex. The reaction chemistry of the bis(ligand) scandium complex has been studied in greatest detail due to the superior thermal stability of the complex, but additional NMR tube -scale reactions of the yttrium analogue, and mono(carbene) analogues have been carried out in a number of cases to ensure the generality of the procedures; these are included in the SI.
Reactions of (L) 2 Sc(CH 2 SiMe 3 ) and (L) 2 Sc(CH 2 CMe 3 ) with halosilanes and haloalkanes: C-Si bond
formation Scheme 3. Formation of C-Si bonds from addition of halosilanes to d 0 metal carbene complexes Treatment of the bis(ligand) Sc neosilyl or neopentyl complex (L) 2 ScR with one equivalent of trimethylsilyl chloride or iodide in benzene results in the formation of a clear, colorless solution which slowly (over five days for R = CH 2 SiMe 3 and ten days for R = CH 2 CMe 3 ) at room temperature react to form a clean mixture of (L) 2 ScCl and the product of C-Si bond formation, Me 3 SiCH 2 SiMe 3 or Me 3 SiCH 2 CMe 3 respectively, in each case, Scheme 3. Here, and in the following cases, the organic product has been identified by NMR spectroscopies and/or mass spectrometry, and by comparison with spectra of genuine samples of the organic product. At the end of the five day reaction period, an unstirred reaction between (L) 2 ScR (R = CH 2 SiMe 3 ) and Me 3 SiCl had deposited single crystals of the Sc product (L) 2 ScCl which were suitable for a single crystal structural analysis; details are given below.
In an effort to extend C-Si bond formation to C-C bond formation, we carried out the reactions of (L) 2 MR (M = Sc or Y, R = CH 2 SiMe 3 or CH 2 CMe 3 ) with a number of alkyl halides (MeI, i PrCl, i PrI, t BuI, Ph 3 CCl, CH 2 CHCH 2 Cl, BnBr, Me 3 SiCH 2 Cl) and aryl halides (PhCl, PhI, C 6 F 5 I). In a typical reaction, an equimolar quantity of each reagent was combined in a J-Young Teflon valve NMR tube in C 6 D 6 (0.5 mL). The 1 H NMR spectrum was recorded immediately and then after the reaction mixture had been heated to 80 ºC for 16 h. In all but the tube containing (L) 2 Sc(CH 2 SiMe 3 ) and MeI or C 6 F 5 I (see below), no reaction had occurred. In the reaction with MeI no reaction was observed until the mixture was heated; after two hours at 80 ºC the scandium iodide, inorganic product (L) 2 ScI was isolated in 35 % yield, but no C-C bonded organic product H 3 C-CH 2 SiMe 3 was observed, suggesting decomposition of the CH 3 I has occurred. The same outcome was observed in the presence or absence of daylight (where MeI is known to liberate free I 2 ) and MeI is thermally stable up to 270 ºC. When the reaction was carried out with an excess of MeI, the solution became red-brown in color due to the formation of I 2 . No haloalkane Me 3 SiCH 2 I was observed in the reaction mixture, a byproduct which might be expected from a reaction with I 2 . X-ray quality single crystals of (L) 2 ScI were grown from a toluene solution of this reaction mixture at room temperature, confirming its structure, see below and the SI for further details of the molecular structure. This observation supports the assignment of a general addition/elimination mechanism for the reactions. In the reaction with C 6 F 5 I, a formally reverse sense addition across the M-C carbene bond and subsequent C-I bond formation has occurred, i.e. (L) 2 Sc(C 6 F 5 ) and Me 3 SiCH 2 I are the products; this is discussed below.
Reaction of [(L)Sc(CH 2 SiMe 3 ) 2 ] 2 with halosilanes and haloalkanes: C-Si and C-C bond formation
The mono(ligand) neosilyl complex [(L)ScR 2 ] 2 (R = CH 2 SiMe 3 ) reacts much more quickly than the bis(ligand) complex with one equivalent of trimethylsilyl chloride in benzene to form a clear, colorless solution (over 3 h at 25 ºC) which contains the product of C-Si bond formation Me 3 SiCH 2 SiMe 3 , eq. 1. As before, the most reasonable mechanism for this reactivity involves the initial addition across the M-C carbene bond to form the quaternized NHC complex (L SiMe3 )ScR 2 (Cl), which decomposes at room temperature cleanly eliminating Me 3 SiCH 2 SiMe 3 . If this mechanism is occurring then the scandium-containing byproduct should be (L)ScR(Cl), but it is not observed in the byproducts. In the analogous amide chemistry the product (L)MN"Cl was usually observed to redistribute ligands to form equimolar (L)MN" 2 and (L)MCl 2 . Here, neither (L)ScR(Cl) nor [(L)ScR 2 ] 2 is found in solution, suggesting that the sterically unsaturated (L)ScR(Cl) product could be formed but has decomposed. The heterobimetallic ScLi compound (L Li )ScR 3 allows another route to the introduction of a functional group via metathetical displacement of the lithium cation. Thus treatment with either trimethylsilyl chloride or triphenylmethyl chloride at room temperature affords a colorless precipitate of lithium chloride and the 2-silylated or 2-alkylated imidazolinium scandium complex (L SiMe3 )ScR 3 and (L CPh3 )ScR 3 respectively after one or two hours, Scheme 4. If the mixture is kept at 0 °C, the silylated imidazolinium complex (L SiMe3 )ScR 3 is isolable as a colorless powder in 78 % yield, and has been fully characterized. This reaction effectively generates the intermediate in the additionelimination reactivity scheme which could not be isolated when the mono(ligand) alkyl complexes were treated with Me 3 SiCl. The increased stability may arise from the greater steric protection of the scandium centre by the presence of three CH 2 SiMe 3 ligands rather than two neosilyl and one chloride ligand, which has a lesser steric demand. 18 Upon warming to room temperature the isolated powder of (L SiMe3 )ScR 3 decomposes in the solid state, but if redissolved in toluene, it cleanly undergoes elimination chemistry: by integration of the 1 H NMR spectrum, approximately 0.9 equivalents of the anticipated (L)ScR 2 was formed. A small amount of (L) 2 ScR (~0.1 equivalents) was also observed, presumably as a result of ligand redistribution to this more stable product. Heating a toluene solution of (L CPh3 )ScR 3 results similarly in the straightforward spontaneous thermal elimination of Ph 3 C-CH 2 SiMe 3 to regenerate (L)ScR 2 . This represents a new way to achieve carbon-carbon bond formation from a rare earth complex. From the reaction mixture that formed (L)ScR 2 and Ph 3 C-CH 2 SiMe 3 , single crystals of the Sc alkyl complex were grown of sufficient quality for a single crystal X-ray structural determination. The structure is discussed below.
The C-Cl bond strength in trityl chloride Ph 3 C-Cl is very weak, estimated as 280 kJmol -1 , 19 rendering it an easy substrate with which to demonstrate the C-C bond formation reaction. No evidence for the formation of Gomberg's hydrocarbon dimer was found by spectroscopy, confirming the absence of any competing homolytic Ph 3 C-X cleavage chemistry. This observation again supports the assignment of a general addition/elimination mechanism for the reactions. No reaction was observed between (L Li )ScR 3 and simpler alkyl or aryl halides such as i PrCl, i PrI, t BuI, PhCH 2 Br, PhCl or PhI.
Addition/elimination reactions of metal carbene alkyl complexes to form other carbon-heteroatom bonds
We also previously communicated reactions of the amido complexes with halophosphines, boranes and stannanes, which resulted in the formation of new N-element bonds. It is now possible to extend these reactions to the formation of carbon-heteroatom bonds.
Halophosphines and stannanes: C-P and C-Sn bond formation Scheme 5. Formation of C-heteroatom bonds from the addition of halogenated p-block reagents to
The reaction of (L)ScR 2 (R = CH 2 SiMe 3 ) at room temperature in C 6 D 6 with one equivalent of t Bu 3 SnCl, Ph 3 SnCl or Ph 2 PCl resulted in C-Sn and C-P bond formation to yield t Bu 3 SnCH 2 SiMe 3 , Ph 3 SnCH 2 SiMe 3 and Ph 2 PCH 2 SiMe 3 respectively with the generation of (L) 2 ScCl. Scheme 5 shows the general reaction sequence to make tin and phosphorus alkyls alongside the conversion of (L) 2 
Perfluoroaryl iodides: C-I bond formation
In contrast to the addition of group 14 and 15 halides, and as mentioned above, the reaction of [(L)ScR 2 ] 2 (R = CH 2 SiMe 3 ) with C 6 F 5 I proceeds instantly to afford the product arising from the addition in the reverse sense, i.e. the carbene forms the 2-iodoimidazolinium salt and a metal aryl bond is formed. The two products isolated from the reaction are the alkyl halide Me 3 SiCH 2 I and (L)Sc(R)(C 6 F 5 ) which crystallizes as an alkoxide bridged dimer, eq. 2. The analogous reaction between (L) 2 ScR and C 6 F 5 I was found to proceed equally cleanly, with both (L) 2 Sc(C 6 F 5 ) (isolated in 86 % yield) and Me 3 SiCH 2 I identified as the products. X-ray quality single crystals of [(L)Sc(R)(C 6 F 5 )] 2 and (L) 2 Sc(C 6 F 5 ) were grown from toluene solution of the reaction mixtures at -20 ºC and at room temperature respectively. The molecular structure of [(L)Sc(R)(C 6 F 5 )] 2 is described in the SI, while that of monomeric (L) 2 Sc(C 6 F 5 ) is shown in Figure 1e ).
Discussion
It is proposed that as before (Scheme 1), the mechanism which leads to the elimination of organic products with new carbon-element bonds arises from the initial addition of the E-X reagent across the M-C carbene bond in a heterolytic fashion to form a quaternized imidazolinium complex. For example,
initially. The addition reaction appears to be driven by the formation of a strong M-X bond (Sc-Cl:
464 kJmol -1 in ScCl 3 ; 331 kJmol -1 for the diatomic ScCl, Y-Cl: 523 ± 84 kJmol -1 for diatomic YCl) and the use of a polar substrate. Upon warming to room temperature this 'ate'-like complex cleanly eliminates Me 3 SiCH 2 SiMe 3 , reforming a metal carbene complex; in this example (L) 2 ScCl. 11 In the bis(ligand) complex reactions no inorganic products other than (L) 2 ScX are isolated and we assume that only one of the two NHC groups is functionalized by the addition reaction, since the functionalization of two would place a large negative change on the Sc centre which seems unlikely.
The bis(ligand) complex (L) 2 ScCl is readily reconverted back to the alkyl (L) 2 ScR starting materials, but the mono(ligand) chemistry is insufficiently stable to allow the metal complex to be recycled in this manner. This parallels the increased thermal stability of (L) 2 emerging class of reagents for a variety of reduction reactions. 22 We have shown before that neutral Lewis acids such as boranes can compete with rare-earth metal centers for the NHC group in these bidentate ligands, 23 and it seems reasonable that a labilized NHC group in a mono-or bis(ligand) complex might have a similar effect on one of these substrates.
The formation of an organic product with a new C-Si bond is observed for scandium silylalkyl and scandium alkyl complexes, and also in the reaction of (L) 2 previously been shown to act as a single electron oxidant towards Ln II organometallics to form a Ln III halide, but there is no reason that any direct Ln III -alkyl halide reactivity might be anticipated. 26 In the case of the mono(ligand) product, the instability of the metal product formed from the elimination step hampers the development of this system. We previously observed in the (L)MN" 2 systems that the mono(ligand) products formed after elimination of the organic amine, i.e. (L)LnN"Cl, were susceptible to ligand redistribution reactions, forming a 50:50 mixture of (L)MN" 2 and (L)MX 2 .
If this was the case here, one would anticipate [(L)ScR 2 ] 2 and (L)ScCl 2 although maybe only the former is isolable. It appears here that the mono(alkyl) complex (L)ScR(Cl) is insufficiently unstable to undergo any ligand distribution process before it decomposes, eq. 3, with the result that we have focused further C-heteroatom bond forming reactivity studies on the bis(ligand) complexes.
The heterobimetallic alkyl complex (L Li )ScR 3 in which the carbene binds to the lithium cation allows a straightforward carbene-C-alkylation to be carried out, and the quaternized intermediate, with C 6 F 5 H forms Ce({1,2,4-t Bu} 3 C 5 H 2 ) 2 (C 6 F 5 ). 36 There are also a limited number of transition metal NHC-containing complexes with a M-C 6 F 5 bond that have been formed by oxidative addition of C 6 F 5 X (X = F, CF 3 ,C 6 F 5 ), 39;40 as in the case of trans-(L) 2 Ni(F)(C 6 F 5 ) (L = 1-C(N i PrCH) 2 ) 39 or by simple substitution reactions, as for (L)Au(C 6 F 5 ) (L = 1-C(MeNCH) 2 ). 41 Thus the iodoarene addition across the M-NHC bond straightforward reaction offers a new atom economic, and non-toxic method to introduce a fluoroaryl group. C{NCHCHNMes}) ). 42 Crystals of (L Li )ScR 3 were grown from a toluene solution at -20 ºC. The displacement ellipsoid plot is shown in Figure 1b ). Lithium NHC complexes remain rare. 43 The molecular structure of (L Li )ScR 3 contains the shortest reported Li-C carbene distance (2.114 (5) ). 45 The Li-C carbene -centroid NHC angle is approaching linearity (166.5º) and so there is no severe distortion. The Li-C carbene distance is far shorter than the Sc-C carbene distance in [(L)ScR 2 ] 2 (2.4572(16) Å) and much shorter than expected based on the differences in ionic radii (Li I, 6C.N. = 0.76 Å, Sc III, 6C.N. = 0.745 Å). 46 The coordination geometry at the scandium centre is distorted tetrahedral, with the Sc-C alkyl, average bond length (2.245 Å) very similar to that in [(L)ScR 2 ] 2 (2.247 Å). The Li I ion forms part of a sixmembered metallacyclic ring where five of the atoms (O1-Li1-C1-N1-C8) are, unusually, virtually co-planar and Li1 is in a distorted trigonal coordination environment, sitting 0.471 Å above the plane defined by O1-O2-C1.
X-ray structures of the complexes
Crystals of (L) 2 ScR were grown from a toluene solution at -30 ºC. The displacement ellipsoid plot is shown in Figure 1c ). (L) 2 ScR crystallized with four molecules in each asymmetric unit of the unit cell. It is noted that one molecule (labeled C) was largely disordered. Comparable to all of the (L) 2 ScX molecular structures discussed here, the scandium cation is in a distorted trigonal bipyramidal environment with the alkoxide and chloride groups defining the equatorial plane. The bond lengths and angles are comparable to those previously reported scandium alkyl complexes.
Crystals of (L) 2 ScCl were grown from C 6 D 6 at room temperature from the reaction mixture of (L) 2 ScR and Me 3 SiCl. The displacement ellipsoid plot is shown in Figure 1d ). The scandium centre is Crystals of (L) 2 Sc(C 6 F 5 ) were grown from a saturated toluene solution at -20 ºC, but the quality of the data is not very good. The displacement ellipsoid plot is shown in Figure 1e ). (L) 2 Sc(C 6 F 5 ) crystallized with two molecules in each asymmetric unit of the unit cell and, since both have very similar metrical parameters, only one is discussed here. The metal ion has a trigonal bipyramidal coordination geometry with the carbene donors as axial groups (O1-Sc1-O2 = 120.96 (19) 
Conclusions
The addition of E-X, where E is a functional group such as silyl, phosphinyl or stannyl and X is a halide, across the metal-carbene bond in scandium and yttrium alkyl complexes with tethered, bidentate NHC ligands results in the formation of unstable metal 'ate' complexes. The displaced NHC group binds E the heteroatom functional group, and the halide X binds to the metal. The addition reaction appears to be driven by the formation of a strong M-X bond and the use of a polar substrate.
Subsequent thermolysis is facile for these organolanthanide complexes, and in each case allows the formation of the heteroatom-functionalized hydrocarbon. The remaining lanthanide halide metal product can be recycled back to the alkyl complex by standard salt elimination routes. This chemistry is particularly straightforward for the bis(ligand) complexes presumably due to an increased level of steric protection afforded to the metal complexes.
The combination of Lewis acidic metal cation and nucleophilic carbene is strong enough to cleave the C-I bond in iodofluoroarenes offering a clean route to metallofluorobenzenes. The combination is not sufficiently reactive to cleave even the weakest carbon halogen bonds by addition across the metalcarbene bond, but the lithium carbene 'ate' complexes are reactive enough to allow a new means for the formation of carbon-carbon bonds at a redox-innocent organometallic such as found in Group 3
and lanthanide chemistry. This new type of C-element bond forming reaction might be of particular use to a metal complex with no access to two-electron redox chemistry.
The analogy between this Lewis-acid/NHC reactivity to frustrated Lewis pairs, and also catalytic reactions that combine NHCs with Lewis acidic metal catalysts 47 suggests that tuning of these systems may allow for a variety of other small molecules to be activated and incorporated into organo-rare earth metal chemistry. The successful formation of C-heteroatom bonds suggests that asymmetric versions of the ligand, readily available from chiral epoxides and primary amines, 48 might allow asymmetric carbon-element bonds to be formed. Work is in progress to develop asymmetric routes to silanes and phosphines, and to develop the potential for a relevant catalytic cycle for the formation of carbon-carbon and carbon-heteroatom bonds.
Experimental Details
General Details
All manipulations were carried out using standard 
Synthesis of mono(L) ate complexes
Synthesis of {1-Li(thf)C(NDippCH 2 CH 2 N)}CH 2 CMe 2 O)Sc(CH 2 SiMe 3 ) 3
To a slurry of ScCl 3 (thf) 3 (1.0 g, 2.8 mmol) in thf (40 mL) at -78 ºC was added dropwise a solution of LiCH 2 SiMe 3 (1.1 g, 11 mmol). The reaction mixture was allowed to warm to 0 ºC and stirred for 2 h.
To the reaction mixture was added a solution of HL (0.85 g, 2.8 mmol) and it was then stirred for a further 2 h. The volatiles were removed in vacuo to yield a white powder. Extraction into toluene ( b. From (L) 2 ScCl: (L) 2 ScCl (0.014 g, 0.020 mmol) and LiCH 2 SiMe 3 (0.0019 g, 0.020 mmol) were combined in C 6 D 6 in a J-Young teflon valve NMR tube. The reaction mixture was heated to 80 ºC for 12 h. The formation of (L) 2 Sc(CH 2 SiMe 3 ) was confirmed by 1 H NMR spectroscopy.
Synthesis of (L) 2 Sc(CH 2 CMe 3 )
At 0 ºC, to a clear, colorless solution of Sc(CH 2 CMe 3 ) 3 (thf) 0.65 (0.10 g, 0.34 mmol) in hexanes (5 mL) was added a solution of HL (0.15 g, 0.51 mmol) in hexanes (5 mL). The reaction mixture was allowed to warm to room temperature and was stirred at room temperature for 1.5 h at room temperature to afford a clear, colorless solution. The volatiles were removed under reduced pressure to afford (L) 2 Sc(CH 2 CMe 3 ) as a white solid. Yield: 0.11 g (47 %). Diffraction quality crystals were grown from a hexanes solution at -20 ºC. 1 
Synthesis of (L) 2 Y(CH 2 SiMe 3 )
To a clear, colorless solution of Y(CH 2 SiMe 3 ) 3 (thf) 2 (0.27 g, 0.55 mmol) in hexanes (10 mL) was added a solution of HL (0.33 g, 1.11 mmol) in hexanes (5 mL) to afford a pale yellow solution. The reaction mixture was stirred for 12 h at room temperature and then the volatiles were removed under reduced pressure to yield a pale yellow solid which was washed with hexanes (3 x 5 mL) and dried under reduced pressure to afford (L) 2 Y(CH 2 SiMe 3 ) as a white solid. Yield: 0.14 g (33 %). 1 After 5 days, colorless crystals had formed and these were isolated by filtration, washed with hexanes (3 x 2 mL) and dried in vacuo to afford (L) 2 ScCl as a colorless solid. Yield: 0.071 g (45 %).
Addition/Elimination reactions of bis(L) complexes to form carbon
Diffraction quality crystals were grown from a saturated C 6 D 6 solution. 1 Over the course of 5 days the reaction was monitored by 1 H NMR spectroscopy and the formation of (L) 2 Over the course of 24 h, the solution darkened in color and became dark pink. 1 H NMR spectroscopy showed the presence of (L) 2 Sc(C 6 F 5 ) and Me 3 SiCH 2 I; the latter decomposes slowly in solution over time, darkening the solution. 
